ABSTRACT The suitability of Myzus lythri (Schrank) (Homoptera: Aphididae) and Galerucella calmariensis L. (Coleoptera: Chrysomelidae), herbivores of purple loosestrife, for preimaginal development and survival of Harmonia axyridis (Pallas) (Coleoptera: Coccinellidae), Coleomegilla maculata (DeGeer) (Coleoptera: Coccinellidae), and Chrysoperla carnea (Stephens) (Neuroptera: Chrysopidae) was quantiÞed to provide a more complete understanding of predatorÐprey relationships in the purple loosestrife (Lythrum salicaria L.) system. Individual Þrst-or second-instar predators were assigned to one of four diets: (1) a control diet, Acyrthosiphon pisum (Harris) (Homoptera: Aphididae) or a combination of A. pisum and Ephestia kuehniella Zeller (Lepidoptera: Pyralidae) eggs; (2) M. lythri nymphs and adults; (3) G. calmariensis eggs; or (4) G. calmariensis larvae. Preimaginal survival of C. carnea was similar for all diets and ranged from 61 to 76% on G. calmariensis larvae, M. lythri, and the control diet. Preimaginal survival of H. axyridis ranged from 27% on G. calmariensis larvae to Ͼ80% on M. lythri and the control diet. Preimaginal survival of C. maculata was Ͼ90% on M. lythri and the control diet. H. axyridis larvae reared on G. calmariensis eggs and C. maculata larvae reared on G. calmariensis eggs or larvae did not survive to the adult stage. Preimaginal development times of the three predatory species were 2Ð5 d longer on G. calmariensis larvae and M. lythri than on the control diets. Adult weights for the three predatory species were signiÞcantly reduced when reared on M. lythri and for H. axyridis when reared on G. calmariensis larvae. Myzus lythri is suitable prey for preimaginal survival of the three predatory species. G. calmariensis larvae are highly suitable for development and survival of second-instar to adult C. carnea and less suitable for H. axyridis.
Lythrum salicaria (purple loosestrife) was introduced in the early 1800s by European immigrants for herbal and medicinal uses (Thompson et al. 1987 , Blossey et al. 2001 . L. salicaria has high fecundity, and it has displaced Ͼ50% of the wetland biomass (Thompson et al. 1987 , Blossey et al. 2001 . Two chrysomelid species, Galerucella calmariensis L. and Galerucella pusilla Duftschmid (Coleoptera: Chrysomelidae), were introduced to North America to reduce densities of L. salicaria (Malecki et al. 1993 , Blossey et al. 1994 , Hight et al. 1995 , Wiebe et al. 2001 . Starting in 1994, releases of Galerucella species were made in northwest Iowa, where L. salicaria was very abundant (Wiebe et al. 2001 ). More than 1.4 million Galerucella individuals have been released in selected wetlands in Iowa, but a consistent reduction in plant biomass has not been observed (J. J. Obrycki et al., unpublished data) .
In 1992, Myzus lythri (Schrank) (Homoptera: Aphididae) was observed feeding on L. salicaria in Indiana (Voegtlin 1995) . This aphid species was reported in European surveys of natural enemies of L. salicaria, but was not considered for release in North America (Batra et al. 1986 ) because M. lythri has a host-alternating life cycle between L. salicaria and Prunus spp. (Voegtlin 1995) . However, M. lythri was Þrst recorded in North America in the early 1930s (Gillette and Palmer 1934, Voegtlin 1995) , and this species has been observed in Iowa (B.M., unpublished data). In a greenhouse study, Voegtlin (1995) found that 3-moold and 2-yr-old plants inoculated with M. lythri for several weeks had signiÞcantly lower root and shoot dry weight and survival than plants without aphids. Thus, considering such effects and its spread in the United States, M. lythri could contribute as another biological control agent to the biological control of L. salicaria.
Biotic interference of biological control of weed species occurs when existing natural enemies attack an introduced natural enemy, reducing levels of biological control (Goeden and Louda 1976 , Nechols et al. 1996 , Wiebe and Obrycki 2002 . In a study in British Columbia, Denoth and Myers (2005) reported that the presence of predators was associated with decreased levels of defoliation of L. salicaria. In Þeld and laboratory studies in Michigan, adults of six predatory species, including Coleomegilla maculata (DeGeer) (Coleoptera: Coccinellidae) and Harmonia axyridis (Pallas) (Coleoptera: Coccinellidae), attacked several life stages of G. calmariensis (Sebolt and Landis 2004) . In Þeld studies in Iowa, both immature and adult C. maculata and Chrysoperla carnea (Stephens) were observed to feed on Galerucella spp. eggs and larvae (Cortilet 1998, Wiebe and Obrycki 2004) .
The objectives of this study were to quantify the prey suitability of (1) M. lythri nymphs and adults for development and survival of C. carnea, C. maculata, and H. axyridis, (2) G. calmariensis eggs for second, third, and fourth instars of H. axyridis and C. maculata, and (3) G. calmariensis larvae for development and survival of C. carnea, C. maculata, and H. axyridis. These predatory species were chosen because they are commonly found in wetlands infested with L. salicaria (Sebolt and Landis 2004, Wiebe and Obrycki 2004) . The control diet for the coccinellid larvae was A. pisum, whereas C. carnea larvae were fed A. pisum and eggs of Ephestia kuehniella Zeller (Lepidoptera: Pyralidae) as a control diet (Kalaskar and Evans 2001, Wiebe and Obrycki 2002) . The treatment diets were (1) Ͼ50 M. lythri, (2) Ͼ15 G. calmariensis eggs, or (3) Ͼ5 G. calmariensis second-third instars. Fresh prey was provided every day. All predatory larvae were monitored daily from eclosion of Þrst or second instar to adult. The preimaginal developmental time, percentage survival of each life stage, and adult weight were recorded for each individual.
Materials and Methods

Chrysoperla carnea
All experiments were conducted at 24 Ϯ 1ЊC with a photoperiod of 16:8 (L:D). Each individual Þrst or second instar was placed in a glass vial and randomly assigned to one of three or four treatments diets. Thirty H. axyridis Þrst instars were started on each diet. Thirty-eight second-instar C. carnea were started in each treatment, except for G. calmariensis eggs. We started C. carnea on each treatment as second instars because these were purchased as Þrst instars with food supplement to reduce cannibalism among C. carnea larvae (OÕNeil et al. 1998 ). All C. carnea Þrst instars were fed initially on angoumois grain moth [Sitotroga cerealella (Olivier) (Lepidoptera: Gelechiidae)] eggs. When C. carnea molted to the second instar, the grain moth diet was replaced by the treatment diets. G. calmariensis eggs were not used with C. carnea, because a previous study determined that G. pusilla eggs were suitable for preimaginal development of C. carnea (Wiebe and Obrycki 2002) , and we hypothesized that development would be similar on G. calmariensis eggs. Thirty C. maculata were started on G. calmariensis larvae, and 30 C. maculata were started on M. lythri. Preliminary studies indicated that Þrst-instar C. maculata did not survive on G. calmariensis eggs (B.M., unpublished data); thus, 60 C. maculata were initially fed on A. pisum, and after they molted to the second instar, 30 were switched to a diet of G. calmariensis eggs, and 30 remained on A. pisum. The same methodology was used with H. axyridis larvae.
Results were analyzed using PROC GLM (SAS 
Results
Chrysoperla carnea. Seventy-six percent of C. carnea completed development on G. calmariensis larvae; 61% developed on M. lythri; and 68% completed development on the control diet (P ϭ 0.36; Table 1 ). Developmental time from second instar to adult was signiÞcantly longer on G. calmariensis larvae (16 d) and M. lythri (21 d) compared with the control diet (14 d; P Ͻ 0.0001; Table 1 ). Development time for the third instar was Ϸ1.4 Ð3.6 d longer for C. carnea reared on G. calmariensis larvae and M. lythri compared with the control diet. Adult weight of C. carnea reared on the control diet (8.8 mg) was similar to that of adults reared on G. calmariensis larvae (7.9 mg), but adults were signiÞcantly lighter when reared on M. lythri (3.5 mg; P Ͻ 0.0001; Table 2 ).
Harmonia axyridis. Only 27% of H. axyridis completed development on G. calmariensis larvae; 80% of H. axyridis survived on M. lythri and 87% on the control diet ( 
Discussion
This study showed differential suitability of G. calmariensis larvae and M. lythri for preimaginal development of three predatory species: C. maculata, H. axyridis, and C. carnea. These species are polyphagous predators in many agricultural systems , Munyaneza and Obrycki 1998 , Rosenheim et al. 1999 , Athhan et al. 2004 , Lanzoni et al. 2004 . Prey suitability can be used as a measure of nutritional value of prey for predators. Several parameters are used to determine prey suitability, including developmental time, survival, adult weight, and female fecundity. Some prey species are consumed in the Þeld, but nutritionally are not suitable for complete development of a predatory species (Hagen 1987, Hodek and Honȇ k 1996) . Understanding prey suitability is important, because when highly suitable prey are limited, a predator may switch to less suitable prey. In addition, a mixed prey diet can result in highly fecund females and increased predator survival (Phoofolo and Obrycki 1997) .
Predation of Galerucella spp. in L. salicariaÐinfested wetlands has been observed and quantiÞed Obrycki 2004, Sebolt and Landis 2004) . In addition, in no-choice tests, adults of several predatory species attacked G. calmariensis life stages and caused 5Ð100% mortality (Sebolt and Landis 2004) . However, only one previous study (Wiebe and Obrycki 2002) examined how consumption of Galerucella spp. affected preimaginal survival and development of predatory species.
Survival of C. carnea on M. lythri was similar to that observed on the control diet of A. pisum and E. kuehniella eggs, indicating high prey suitability. However, C. carnea larvae reared on M. lythri and G. calmariensis larvae had longer developmental times compared with C. carnea reared on the control diets. Nevertheless, adult weight for C. carnea reared on G. calmariensis larvae was similar to C. carnea on the control diet. Previous studies have shown a range of prey suitability of aphid species for C. carnea larvae (Burke and Martin 1956 , Principi and Canard 1984 , Liu and Chen 2001 .
Percentage survival of C. carnea individuals reared on G. pusilla eggs was 37% (Wiebe and Obrycki 2002) ; in comparison, we observed that 76% of C. carnea reared from second instar on G. calmariensis larvae survived to adult stage. This two-fold increase in survival of C. carnea larvae may be related to differences Means within a column followed by the same letter are not signiÞcantly different (P Ͻ 0.05; Tukey Studentized Range HSD test). in these experiments. First, different Galerucella species and life stages were used as prey in the experiments, and second, Wiebe and Obrycki (2002) started C. carnea as Þrst instar on G. pusilla eggs, whereas we started C. carnea as second instar on G. calmariensis larvae.
In the study of Wiebe and Obrycki (2002) , survival of C. carnea from second instar to adult stage was 73%, which is similar to what we observed when C. carnea fed on G. calmariensis larvae. However, in our study, C. carnea reared on G. calmariensis larvae had an adult weight (7.9 mg) similar to C. carnea reared on the control diet (8.8 mg), whereas in the study of Wiebe and Obrycki (2002) , C. carnea reared on G. pusilla eggs were lighter (4.7 mg) compared with the control diet (8.2 mg). The differences in adult weight could be caused by the different prey items (Galerucella spp. versus control diet) given to the Þrst instar and throughout the larval stages. Thus, these three measures of suitability (survival, development time, and adult weight) indicate that C. carnea is inßuenced by the Galerucella species, Galerucella spp. life stage, and at which C. carnea life stage the prey is Þrst provided.
Although H. axyridis occurs in wetlands infested with L. salicaria and will attack G. calmariensis eggs (Sebolt and Landis 2004) , our study shows G. calmariensis eggs are not suitable for larval development, and only 27% of H. axyridis individuals reared on G. calmariensis larvae completed preimaginal development. Our results complement those of Sebolt and Landis (2004) , who documented that G. calmariensis eggs are acceptable prey for H. axyridis adults but not suitable prey for larvae. Similarly, in a previous study, H. axyridis adults consumed the hemlock woolly adelgid, Adelges tsugae Annand (Homoptera: Adelgidae), but larvae did not complete development on this prey (Butin et al. 2004) .
Development of H. axyridis on M. lythri is slower compared with H. axyridis on A. pisum, but it is comparable with development on Myzus persicae (Sulzer) (Homoptera: Aphididae). Lanzoni et al. (2004) observed that H. axyridis had longer preimaginal development and oviposition periods on M. persicae compared with two other species of Coccinellidae reared on M. persicae. In many studies, aphid diets are usually optimal diets for H. axyridis (Lee and Kang 2004) ; however, not all aphid species are suitable prey for H. axyridis. For example, H. axyridis larvae fed only Brevicoryne bassicae L. (Homptera: Aphididae) or Megoura viciae Buckton (Homoptera: Aphididae) did not complete development (Tsaganou et al. 2004) .
Our results are similar to previous studies that documented preimaginal development and survival of C. maculata on other chrysomelid eggs. Wiebe and Preimaginal developmental time (d) and survival of H. axyridis larvae reared on G. calmariensis larvae, M. lythri, or A. (Munyaneza and Obrycki 1998) . In a 24-h, no-choice laboratory study, Sebolt and Landis (2004) reported that C. maculata adults caused 75% mortality of G. calmariensis eggs, 85% mortality of G. calmariensis Þrst instars, and 53% mortality of G. calmariensis second-third instars. In our study, C. maculata larvae did not survive to the adult stage when reared on G. calmariensis eggs and larvae.
Compared with aphid species, chrysomelid eggs and early instars are less suitable for preimaginal development of several species of Coccinellidae (Hazzard and Ferro 1991, Kalaskar and Evans 2001) . Development of C. maculata larvae was slower when reared on L. decemlineata eggs compared with the aphid prey, M. persicae, and survival was lowest on L. decemlineata eggs compared with M. persicae or corn pollen diets (Hazzard and Ferro 1991) . Similarly, even though H. axyridis Þrst instars attacked and killed second and early third instars of the alfalfa weevil, Hypera postica (Gyllenhal) (Coleoptera: Curculionidae), individuals did not survive to the second instar compared with almost 100% survival of H. axyridis larvae when reared on A. pisum (Kalaskar and Evans 2001) . H. axyridis fourth instars survived on weevil larvae, but adult weights were signiÞcantly lower for H. axyridis reared on weevil larvae compared with H. axyridis reared on A. pisum (Kalaskar and Evans 2001) .
Our results indicate that G. calmariensis larvae are suitable prey for H. axyridis and C. carnea but not suitable for C. maculata. A previous study obtained similar results with preimaginal development of C. maculata and C. carnea larvae on G. pusilla eggs (Wiebe and Obrycki 2002) . M. lythri is highly suitable for the preimaginal survival and development of the three predatory species. In the L. salicaria system, these predatory species have the potential to interfere with the biological control of L. salicaria. Based on our study, we might predict that an increase in M. lythri populations on L. salicaria plants may initially reduce predation of both Galerucella spp. life stages released for biological control of L. salicaria. However, over a longer time period, these predatory species may numerically respond to M. lythri populations, resulting in an increase in the numbers of predators present on L. salicaria plants.
